Within the BRIDGE T -project on Iipases we investigate the structure -function relationships of the Iipases from Bacillus subtilis and Pseudomonas aeruginosa. Construction of an overproducing Bacillus strain allowed the purification of > 100 mg lipase from 30 I culture supernatant. After testing a large variety of crystallization conditions, the Bacillus lipase gave crystals of reasonable quality in PEG-4000 (38-45%), Na2S04 and octyl-b-glucoside at 22°C, pH 9.0. A 2.5 A dataset has been obtained which is complete from 15 to 2.5 A resolution. P.aeruginosa wild-type strain PACIR was fermented using conditions of maximum lipase production. More than 90% of the lipase was cell bound and could be solubilized by treatment of the cells with Triton X-I00. This permitted the purification of~50 mg lipase. So far, no crystals of sufficient quality were obtained. Comparison of the model we built for the Pseudomonas lipase, on the basis of sequences and structures of various hydrolases which were found to possess a common folding pattern (c/b hydrolase fold), with the X-ray structure of the P.glumae lipase revealed that it is possible to correctly build the structure of the core of a protein even in the absence of obvious sequence homology with a protein of known 3-D structure.
Introduction
Lipases (EC 3.1.1.3) are triacylglycerol hydrolases hydrolyzing long-chain fatty acid esters of glycerol yielding free fatty acids, mono-and diacylglycerol, and glycerol as final products. They show a wide variation in substrate and reaction specificity (Borgstrom and Brockman, 1984) .
Until recently, the number of industrial applications of lipases was very limited. In the Italian cheese manufacturing industry, fungal lipases have been used to provoke the development of distinctive flavors (Stead, 1986) . In 1988, the lipase from Humicola lanuginosa was introduced into the market for detergent applications (Lipolase™ from Novo-Nordisk). At present, this enzyme product is used on a global scale by the largest detergent manufacturers (Venegas, 1993) . Patent applications describing the identification of several lipases suitable for detergent applications have been published for the lipases from Pseudomonas alcaligenes by Gist-brocades (Andreoli et al., 1989) , the lipases from Bacillus pumilis and P.plantarii by Solvay (Moller et ai., 1991; Bycroft and Byng, 1992) and the lipase from P. glumae by Unilever (Batenburg et al., 1991) .
As a result of the growing industrial importance of lipases on the one hand, and the lack of knowledge of their structure -function relationships on the other, the European Commission decided, in 1988, to finance research projects aimed at the elucidation of lipase structures. Within the framework of this EC lipase project on lipases, we investigate the lipases from P.aeruginosa and B.subtilis. These lipases show a high amino acid sequence homology with the above-mentioned detergent lipases from P.alcaligenes and B.pumilis (Dartois et al., 1992) respectively.
At present, the crystallization of lipases from several sources has been reported. These include mammalian lipases (Lombardo et al., 1989; Winkler et ai., 1990; Abergel et al., 1991; Chapus et al., 1991; Moreau et al., 1992; van Tilbeurgh et al., 1993) , fungallipases (Fukumoto et al., 1963; Tsujisaka et al., 1973; Isobe et al., 1988 Isobe et al., , 1990 Isobe et al., , 1992 Brady et al., 1990; Menge et al., 1991; Rubin et al., 1991; Schrag et al., 1991a; Brzozowski, 1993) and bacteriallipases from different Pseudomonas strains (Sugiara et al., 1977; Cleasby, 1991; Kordel et al., 1991; Larson et al., 1991; Sarmaet al., 1991; Cleasby et al., 1992; Kim et al., 1992) . However, it is only since 1990 that X-ray-determined structures of lipases have been published: from human pancreas (Winkler et al., 1990) , Rhizomucor miehei (Brady et al., 1990; Derewenda et al., 1991 Derewenda et al., , 1992 Brzozowski et al., 1992) , Geotrichum candidum (Schrag et al., 1991b,c; Schrag and Cygler, 1993) , Candida rugosa (Grochulski et al., 1993) and P.glumae (Noble et al., 1993) . The tertiary structure of the cutinase from Fusarium solani, an esterase that also shows lipase activity, has also been determined (Martinez et al., 1992) . According to these structures, lipases possess a catalytic triad consisting of Ser, His and Asp (or Glu), similar to serine proteases. Despite the fact that the amino acid sequences of the lipases, for which the structures were determined, reveal no homology (except around the active site serine), there exist clear similarities in their 3-D structures. Furthermore, the lipase structures resemble the structures of other hydrolases, such as acetylcholinesterase (Sussman et al., 1991) , haloalkane dehalogenase (Franken et al., 1991) , serine carboxypeptidase (Liao et al., 1992) and dienelactone hydrolase (Pathak et al., 1988) , which are all α/b proteins possessing a central b-pleated sheet surrounded by α-helices (Ollis et al., 1992) .
In this paper we describe the crystallization and preliminary X-ray analysis of the lipase from B.subtilis. Furthermore, we compare the 3-D model built for the lipase from P.aeruginosa on the basis of the hydrolase fold (Jaeger et al., 1993) with the recently determined structure of the homologous lipase from P.glumae (Noble et al., 1993) .
Materials and methods
Purification of lipase from P. aeruginosa P.aeruginosa wild-type strain PACIR was grown for 48 h at 30°C in an Eschweiler fermenter (culture volume, 7 l) under conditions of maximum lipase production (O.Misset, unpublished data). Bacterial cells were harvested by centrifugation, the cell pellet resuspended in 100 mM Tris-HCl buffer, pH 8.0, containing 6 mM CaCl2 and 0.2 % (v/v) Triton X-1OO and incubated for 15 min at room temperature. After centrifugation (1 h at 5000 g), the supernatant, containing~90 mg/l active lipase, was frozen and stored at -20°C.
Lipase-containing supernatant (400 rnI) was concentrated by ultrafiltration in an Amicon stirred cell equipped with a YM 30 membrane at 2.5 bar (N 2 ) to a volume of 40 ml and subjected to ultracentrifugation (1 h at 105 000 g, Beckmann 60ti rotor). The supernatant was again concentrated by ultrafiltration to 7 ml and solubilized for 30 min at 4°C in 5 mM Tris -HCl, pH 8.0, containing 1 mM EDTA, 10% (v/v) glycerol, 3 M urea and 800 mg N-octyl-I3-D-octylglucoside. The sample was subjected to preparative isoelectric focusing (IEF) in Sephadex -IEF (Pharmacia-Biotech, Freiburg, Germany). IEF conditions, detection and recovery of lipase were essentially as described by Jaeger et al. (1992) .
Cloning and overexpression of P. aeruginosa lipase Two genes, lipA and lipH, necessary to obtain enzymatically active lipase were cloned both separately and together on a single fragment. Details of the methods will be described elsewhere (B. Schneidinger, F.A.Lombo-Brugos and K.-E.Jaeger, manuscript in preparation). In brief, P.aeruginosa genes lipA and lipH were separately amplified by PCR, cloned into plasmids pT7 -7 and pRSET6a, respectively, and their expression studied in Escherichia coli BL21(DE3)/pLysS (Studier, 1990; Schoepfer, 1993) . A 3.0 kb fragment of chromosomal P.aeruginosa DNA, carrying both lipA and lipH, was cloned into plasmid pEB12 and expressed in P.aeruginosa ADD 1976 (Brunschwig and Darzins, 1992) .
Site-directed mutagenesis of the B. subtilis lipase gene
All mutated genes were cloned into plasmid pMA5-lip and expression was studied in a lipase negative strain of B. subtilis BCL 1050, the construction of which has been described elsewhere (Lesuisse et al., 1993; Dartois et al., 1994) . Sitedirected mutagenesis was performed by the method of Deng and Nickoloff using the Transformer Site-Directed Mutagenesis kit (number K16001; Clontech, Westburg, Leusden, The Netherlands). Two oligonucleotide primers were annealed simultaneously to one strand of the denatured double-stranded plasmid. One primer introduced the desired mutation (mutagenic primer), while the second primer mutated a restriction site unique to the plasmid for the purpose of selection (selection primer). For some mutants the final screening was facilitated by introducing a new restriction site with the mutagenic primers (compatible with the desired mutation). Transformation of the recipient strain BCL 1050 by the electroporation procedure was performed as described by Mahillon et al. (1989) . Neomycinresistant transformants were tested for lipase activity on rhodamine-triolein plates (Kouker and Jaeger, 1987) and verified for the different restriction sites.
Isolation, purification and sequencing of double-stranded DNA was carried out using the PRISMTM Ready Reaction DyeDeoxyTM Terminator Cycle Sequencing Kit from Applied Biosystems (apparatus Model 373A).
Crystallization of Bacillus lipase
Crystallization experiments with this lipase were performed using the hanging drop vapor diffusion method. Equal volumes (3 pI) of the reservoir and protein solution (6 mg/ml) were mixed to prepare hanging drops on a siliconized glass cover slip. After addition of 1 pI N-octyl-I3-D-glucoside (5 % w/v) to this drop, it was placed over 1 ml of reservoir solution. The crystallization experiments were carried out at 22°C.
Results and discussion

Fermentation and purification
Since the wild-type B. subtilis strain produced only very limited amounts (~1 mg/l culture medium), we had to construct an overproducing strain (Lesuisse et al., 1993) . This strain allowed for the purification of > 100 mg pure lipase. Table I gives a summary of the fermentation and purification protocol.
For P. aeruginosa, we had to adapt the fermentation procedure to optimize the lipase yield. Growing P.aeruginosa in Erlenmeyer flasks did not give high yields of lipase. Only fed-batch fermentation in 10 1fermentors resulted in reasonable expression levels. However, it was observed that the largest part of the lipase remained bound to the bacterial cells. It could be solubilized by treatment of the cells with the non-ionic detergent Triton X-100 (see Materials and methods). The purification procedure, involving preparative isoelectric focusing as a major step, resulted in lipase which was pure on the basis of protein content (Figure 1 ), but still contained lipopolysaccharides (LPS) which are present in the culture medium forming lipase -LPS micelles (Jaeger et al., 1991) .
Recently we managed to overexpress the lipase gene lipA in both E.coli and P.aeruginosa, with the latter strain producing in Erlenmeyer flasks~1000 times the amount of enzymatically active lipase as compared with the wild-type strain (B. Schneidinger et al., manuscript in preparation). We are currently in the process of testing the growth conditions for this overexpressing strain in 10 1 fed-batch fermentors.
Biochemical properties
In Table II the biochemical properties for both lipases have been summarized. Both enzymes are monomeric proteins with molecular weights of30 149 (285 amino acids) and 19348 (181 amino acids) Da for the P.aeruginosa and B.subtilis lipase, respectively, as deduced from the gene-derived amino acid sequence (Dartois et al., 1992; Wohlfarth et al., 1992) . The lipase from B.subtilis is the smallest lipase known to date.
Whereas the B.subtilis lipase does not contain any cysteines, the two cysteines in the P. aeruginosa lipase form a disulfide bridge (Jaeger et al., 1993) .
Kinetic properties
In Table III the major kinetic properties of both lipases are summarized. The specific activity of the P.aeruginosa lipase (measured at 37°C) is comparable with other lipases (Lenting et al., 1993) . On the contrary, the Bacillus lipase is much less active on para-nitrophenylpalmitate (PNPP). Surprisingly, although both enzymes are active on emulsified and non-emulsified substrates, they do not show interfacial activation with the short chain substrates triacetin and tripropionin (Jaeger et al., 1993; Lesuisse et at., 1993) .
Site-directed mutagenesis of Bacillus subtilis lipase
Although, until recently, all lipases were considered to have a Gly-Xxx-Ser-Xxx-Gly sequence around their active site serine, this consensus sequence could not be detected in the B.subtilis lipase (Dartois et al., 1992) . Instead, an Ala-Xxx-Ser-Xxx-Gly sequence was found which also appeared in the homologous sequence of the B.pumilis lipase (Möller et al., 1991) . To investigate whether this Ala residue at position 75 is essential for the B.subtilis lipase or whether it might be the cause of the enzyme's low activity, we constructed the A75G mutant. This mutant appeared to have a specific activity comparable with the wild-type enzyme (65 %, see Table IV ), but was found to be much less stable. From this we conclude that for the Bacillus lipase, Ala is the more preferred residue in the sequence around the active site serine. The structural consequences of an Ala residue at this position have to await the completion of the X-ray structure determination. In several other members of the c/b hydrolase fold family a non-glycine residue has been found at this position, e.g. a Val is present in dehalogenase (Franken et at., 1991) and a Thr occurs in the lipase from C.antartica (Uppenberg et al., 1993) . Since the sequence around the active site serine in lipases is no longer a consensus sequence, we suggest that the phrase 'lipase consensus sequence' is not used.
To be able to make heavy atom derivatives of the Bacillus lipase, the putative active site serine at position 77 was mutated into a cysteine. This mutant (S77C) is expressed by the bacterium at protein levels comparable with wild-type, although it is enzymatically inactive. Furthermore, the protein seems very sensitive to oxidation, as deduced from the fact that the purified enzyme preparation showed charge heterogeneity (data not shown). Protection against oxidation, not only during purification but also during fermentation, is required to get a homogeneous, fully reduced, purified enzyme preparation.
The multiple sequence alignment, which was used for the construction of the 3-D model of the P.aeruginosa lipase (Jaeger et at., 1993) , proposed catalytic residues His152 and Asp133 for the B.subtilis lipase. To corroborate this proposal, we constructed the H152N and D133N mutants. In the fermentation broth, the His152 mutant showed a lipase activity level comparable with that of the wild-type lipase (Table IV) . Therefore, His152 is most probably not the active site histidine.
In contrast, upon fermentation no lipase activity could be detected for the D133N mutant, suggesting that Asp133 might belong to the catalytic triad.
Crystallization and preliminary X-ray analysis of the lipase from Bacillus subtilis
Crystallization of this lipase was carried out using the hanging drop vapor diffusion method. Small plate-like crystals and rods were obtained under the conditions described in Table V and Crystals were mounted in thin-walled glass capillaries for xray analysis. With a laboratory X-ray source, the diffraction limit of the crystals was~3.5 Å, but with synchrotron radiation a resolution of 2.5 Å could be obtained. The reflections could be indexed on a centered monoclinic lattice (C2) with unit cell parameters as summarized in Table V . Assuming a molecular mass of 19 348 Da (Table IT) and the presence of 16 monomers per unit cell, a VM value (Matthews, 1968) of 2.86 Å3/Da was calculated, corresponding to a solvent content of 57 %. Although the V M value is not uncommon, we determined the crystal density from a Ficoll gradient (Westbrook, 1985) to corroborate the presence of 16 protomers per unit cell. A density of 1. 16 g/ml was obtained, indeed corresponding to the expected 16 protomers in the unit cell. A first native diffraction dataset was collected at the EMBL outstation at the DESY synchrotron in Hamburg (Table V) . The search for heavy atom derivatives is currently in progress to solve the phase problem. Alternatively, molecular replacement using the coordinates of the similarly sized cutinase may result in the determination of the 3-D structure of the lipase from B.subtilis.
Model building of the P. aeruginosa lipase
Recently, we built a model for the 3-D structure of the lipase from P.aeruginosa based on an alignment of 50 lipase/hydrolase amino acid sequences, as well as several experimentally determined X-ray structures (Jaeger et al., 1993) . Because the 3-D structure of the P.glumae lipase has been solved recently (Noble et al., 1993) , which is the first structure determination of a bacterial lipase, we considered it worthwhile to compare Fig. 2 . Secondary structure comparison of the P.glumae X-ray structure (A) and the modelled lipase structure from P.aeruginosa (B). The major differences in the secondary structure assignment of P. aeruginosa are indicated in white. Correctly modelled b-strands and helices are in black and grey respectively. aBased on Frenken (1993) and references therein. Fig. 3 . Sequence alignment of the lipases from P.aeruginosa, P.alcaligenes, P.cepacia and P.glumae. The black boxes in the P.aeruginosa sequence indicate the correctly modelled parts; the grey box indicates the part that could not be modelled because of lack of structural information. The b-strand and helices in the modelled P.aeruginosa lipase (upper line) and in the P.glumae lipase X-ray structure (lower line) are denoted by sand h respectively.
our predicted structure of the P. aeruginosa lipase with the experimental structure of the homologous P.glumae lipase. Table VI presents a homology matrix of three classes of Pseudomonas lipases as proposed by Frenken (1993) . These classes involve: (i) the P. aeruginosa group, to which the lipase from P.alcaligenes also belongs (Lenting et al., 1993) ; (ii) the P.cepacia group, including the P.glumae lipase; and (iii) the P.fluorescens group. Because the homology between the lipases from groups (i) and (ii) is 40 -45 %, it may be expected that the folding of their polypeptide chains will be similar. Figure 2 shows a comparison between the secondary structures, as published for the X-ray structure of the P.glumae lipase (Figure 2A) , and the one we predicted for the P.aeruginosa lipase ( Figure 2B ; Jaeger et al., 1993) . The differences between the modelled and experimentally determined structures are indicated in white. Figure 3 shows a sequence alignment for the four above-mentioned Pseudomonas lipases. The black-coloured parts are those that were modelled correctly for the P.aeruginosa lipase, while the grey ones could not be modelled.
From comparison between the modelled and experimental structures, it became clear that we correctly predicted the amino acids belonging to the catalytic triad, Ser82, Asp229 and His251 (see Jaeger et al., 1993) , thereby confirming that the Pseudomonas lipases are definitively members of the α/b hydrolase fold family. In addition, the core of the P. aeruginosa enzyme was correctly predicted, although no obvious sequence homology existed with the members of the α/ b hydrolase family.
The first major difference is the absence of b-strands 1 and 2. These two b-strands were built on the basis of sequence homology with the lipase from G. candidum. The second major difference is the fact that b-strand 8 in the P.glumae lipase is formed by two antiparallel short b-strands, rather than one long one as proposed for the P.aeruginosa lipase. This feature was not observed previously in other structures belonging to the α/ b hydrolase fold and therefore was impossible to predict. The sequence between b-strands 6 and 7 is formed by helices, as we suggested, although the detailed conformation was different. This part contains the lid which covers the active site of the P.glumae lipase. Because of the absence of interfacial activation in the case of the P.aeruginosa lipase (Jaeger et at., 1993) , we did not build a lid into our model.
Furthermore, residues 215 -235 in P.glumae lipase are absent in the P.aeruginosa lipase (Figure 3 ). In the 3-D structure of the P.glumae lipase these residues form two antiparallel b-strands with a b-turn in between (Noble et al., 1993) , but it appeared easy to accommodate the shorter P. aeruginosa sequence in the P.glumae model (M.R. Egmond, personal communication) .
Our model building work shows that it is possible to correctly build the structure of the core of a protein even in the absence of obvious sequence homology with a functionally similar protein of known 3-D structure. However, several homologous protein sequences should be known to determine where the conserved parts in the sequences occur. These conserved parts can then be assigned to secondary structural elements of the known 3-D structure. Such a built model can than advantageously be used for a preliminary search for mutagenesis sites.
